The assembly of vital reactive iron-sulfur (Fe-S) cofactors in eukaryotes is mediated by proteins inherited from the original mitochondrial endosymbiont. Uniquely among eukaryotes, however, Entamoeba and Mastigamoeba lack such mitochondrial-type Fe-S cluster assembly proteins and possess instead an analogous bacterial-type system acquired by lateral gene transfer. Here we demonstrate, using immunomicroscopy and biochemical methods, that beyond their predicted cytosolic distribution the bacterial-type Fe-S cluster assembly proteins NifS and NifU have been recruited to function within the relict mitochondrial organelles (mitosomes) of Entamoeba histolytica. Both Nif proteins are 10-fold more concentrated within mitosomes compared with their cytosolic distribution suggesting that active Fe-S protein maturation occurs in these organelles. Quantitative immunoelectron microscopy showed that amoebal mitosomes are minute but highly abundant cellular structures that occupy up to 2% of the total cell volume. In addition, protein colocalization studies allowed identification of the amoebal hydroperoxide detoxification enzyme rubrerythrin as a mitosomal protein. This protein contains functional Fe-S centres and exhibits peroxidase activity in vitro. Our findings demonstrate the role of analogous protein replacement in mitochondrial organelle evolution and suggest that the relict mitochondrial organelles of Entamoeba are important sites of metabolic activity that function in Fe-S proteinmediated oxygen detoxification.
Introduction
Life on earth is dependent on the activities of highly reactive Fe-S centre-containing proteins that mediate key biological functions such as electron transport, metabolic regulation, metalloenzyme catalysis and chemical sensing (Beinert et al., 1997; Beinert, 2000) . In bacteria such Fe-S centres are assembled via one or more of three systems of diverse molecular complexity which are known as nitrogen fixation (Nif), mobilization of sulfur and iron-sulfur cluster (Isc) systems (Lill and Kispal, 2000; Rees and Howard, 2000; Craig and Marszalek, 2002; Takahashi and Tokumoto, 2002; Frazzon and Dean, 2003; Loiseau et al., 2003; Outten et al., 2003; Lill and Mühlenhoff, 2008) . Although variable in their molecular composition all three Fe-S cluster assembly systems rely on the enzymatic transfer of molecular sulfur from cysteine to molecular iron through the concerted action of cysteine desulfurase and of scaffold iron-binding proteins to form transient Fe-S centres, which are then transferred to their final target apoproteins in a process known as Fe-S protein maturation.
Most eukaryotic cells inherited the Isc system from the original mitochondrial endosymbiont. Genetic and biochemical studies have shown that the maturation of cytosolic and mitochondrial Fe-S proteins is dependent on Fe-S centres assembled in mitochondria and have identified Fe-S cluster assembly as the only essential biosynthetic function of this organelle (Lill and Kispal, 2000; Gerber et al., 2004) . Interestingly, microbial eukaryotes that lack recognizable mitochondria seem to carry out this function in mitochondrion-related organelles known as mitosomes or hydrogenosomes (Tovar et al., 2003; Suták et al., 2004; Goldberg et al., 2008) . These organelles share a common ancestry with mitochondria and have evolved several times independently in diverse protist and fungal lineages (Embley et al., 1995; van der Giezen et al., 2005a; Embley, 2006; Tovar, 2007) . Given the monophyletic nature of mitochondria and the mutually exclusive distribution between mitosomes, mitochondria and hydrogenosomes, all of these organelles are considered evolutionary derivatives of the original mitochondrial endosymbiont.
The functional minimalism of mitosomes is apparent from genome surveys of mitosome-bearing organisms such as Giardia, Entamoeba and Encephalitozoon which have revealed molecular chaperonins and Fe-S cluster assembly proteins as sole common features (Katinka et al., 2001; Loftus et al., 2005; Morrison et al., 2007) . Fe-S cluster biosynthesis and Fe-S protein maturation were originally demonstrated in Giardia mitosomes (Tovar et al., 2003) and recent evidence on the localization and functionality of microsporidial Fe-S cluster assembly proteins suggests that Encephalitozoon cuniculi mitosomes may also fulfil this function (Goldberg et al., 2008) . The essential nature of Fe-S cluster assembly in eukaryotes and the lack of evidence for additional mitosomal functions strongly suggest that retention of mitochondrial organelles may be driven by the need of in organello Fe-S cluster assembly and Fe-S protein maturation (Embley et al., 2003; Tovar et al., 2003) . However, the discovery that Entamoeba lacks the mitochondrial-type Isc system of Fe-S cluster assembly and possesses instead a non-redundant bacterial-type Nif system acquired by lateral transfer from epsilon proteobacteria (Ali et al., 2004; van der Giezen et al., 2004) challenged the validity of this hypothesis. Here we report on the unusual cellular distribution of the amoebal Fe-S cluster assembly proteins NifS and NifU and show that peroxide detoxification and FeS cluster assembly are physiological functions of Entamoeba histolytica mitosomes.
Results

Dual distribution of amoebal NifS/NifU
Amoebas of the genera Entamoeba and Mastigoamoeba stand alone among eukaryotes in possessing bacterialtype Fe-S cluster assembly proteins instead of their canonical mitochondrial-type analogues (Ali et al., 2004; van der Giezen et al., 2004; Gill et al., 2007) . We previously demonstrated that E. histolytica NifS and NifU were likely acquired by lateral gene transfer from epsilonproteobacteria and that these proteins fulfil a nonredundant functional role (Ali et al., 2004; van der Giezen et al., 2004) . Coexpressed NifS and NifU are able to complement the growth defect of mutant Escherichia coli whose isc and suf operons had been removed by targeted gene deletion, demonstrating that both proteins are necessary and sufficient for the biosynthesis of Fe-S clusters under anaerobic conditions (Ali et al., 2004) . Purified recombinant proteins NifS and NifU expressed in bacteria were used to generate specific homologous antibodies which have been used in this study to define the cellular distribution of these proteins in parasite trophozoites.
Laser scanning confocal microscopy imaging revealed an unconventional distribution pattern for amoebal NifS and NifU. Both proteins appear distributed throughout the cytoplasm but their distribution seems uneven, with some punctate labelling that could suggest partial compartmentalization ( Fig. 1A-H) . Western blot analysis of trophozoite extracts separated by differential centrifugation showed that although most amoebal Nif proteins remain in the high speed supernatant (cytosol), a significant proportion of each protein appears associated with the mixed membrane fraction (MMF), which is a mixture of broken membranes and membrane-bounded organelles (Fig. 1I ). Together these data suggested that E. histolytica Nif proteins could be both cytosolic and associated with membranous cellular structures.
NifS and NifU are enriched in mitosomes
To investigate the apparent unusual distribution of Nif proteins further we used a more refined and powerful imaging method, immunoelectron microscopy. Our initial studies focused on the identification of Entamoeba mitosomes using a specific antibody against the mitosomal marker protein Cpn60, a crucial control in our experiments because the Fe-S cluster biosynthetic proteins in all other eukaryotes are known to reside in mitochondrial organelles (including mitosomes and hydrogenosomes where present). Immunogold labelling of Cpn60 identified mitosomes as minute spherical structures of around 100 nm in diameter surrounded by two limiting membranes ( Fig. 2A  and D) . Little or no cytosolic labelling was detected for this antigen, in agreement with the distribution of Cpn60 observed by confocal microscopy (León-Avila and . Interestingly, similar cellular organelles were observed by immunogold labelling of NifS and NifU. In this case, however, both antigens were also found widely distributed throughout the cytosol (Fig. 2B , C, E and F), in agreement with the distribution observed for these proteins by confocal imaging (Fig. 1) . Double labelling for Cpn60 and NifS as well as Cpn60 and NifU colocalized these three antigens to the same intracellular structures ( Fig. 2G and H respectively) thus demonstrating that amoebal Fe-S cluster assembly proteins have a dual cytosolic and compartmentalized distribution and that the compartments harbouring NifS and NifU are mitosomes.
Ectopic expression of NifS and NifU
In an attempt to increase the rate of Fe-S cluster assembly and Fe-S protein maturation in the parasite we generated transgenic E. histolytica lines ectopically expressing epitope-tagged variants of NifS and NifU either individually or simultaneously. Western blot analysis of transgenic parasite extracts demonstrated a 1.6-fold and a 2.6-fold overexpression of recombinant NifS and NifU respectively (Fig. S1 ). Confocal microscopy imaging confirmed that the overexpressed tagged variants colocalize with endogenous Nif proteins in transgenic trophozoites (data not shown but submitted for review), clearly indicating that the presence of epitope tags does not affect protein localization. Biochemical assays revealed a 1.5-and 2-fold enhancement of catalytic activity for the amoebal Fe-S proteins pyruvate : ferredoxin oxidoreductase and ferredoxin (Fig. 3) suggesting a direct correlation between Nif protein levels and Fe-S protein maturation. Interestingly, these transgenic parasite lines also displayed a growth phenotype suggesting that the activity of Fe-S proteins and the level of Nif protein expression can be growth rate limiting (Fig. S2) .
Peroxide detoxification in mitosomes
The discovery that Nif proteins accumulate in Entamoeba mitosomes and the previous demonstration that NifS and NifU are necessary and sufficient for Fe-S cluster assembly suggested the existence of at least one Fe-S protein in mitosomes that might require in organello maturation. Although none of the few known mitosomal proteins carries reactive Fe-S centres (Bakatselou et al., 2000; León-Avila and Tovar, 2004; Chan et al., 2005; van der Giezen et al., 2005b; Aguilera et al., 2008) , the identification in the Entamoeba genome of a gene encoding rubrerythrin (Rbr) -a hydroperoxide detoxification Fe-S protein found predominantly in anaerobic bacteria but also recently discovered in Trichomonas vaginalis hydrogenosomes (Loftus et al., 2005; Pütz et al., 2005) -suggested Rbr as a putative mitosomal protein in E. histolytica. Bacterial Rbr contains an Fe (S-Cys) 4 reactive centre and a non-sulfur oxo-bridged diiron centre that are essential for functionality. All the cysteine, glutamate and histidine amino acid residues that form and hold these functional centres together are conserved in the amoebal Rbr homologue suggesting a functional amoebal peroxidase (Fig. 4A) . We cloned and overexpressed this protein in a heterologous bacterial system. Affinity purified protein was then tested for functionality. NADPH-dependent peroxidase activity was observed when E. histolytica Rbr was added to an in vitro system containing NADPH, spinach ferredoxin : NADP + oxidoreductase, Clostridium pasteurianum rubredoxin (Rub) and H2O2 ( Fig. 4B ). This activity indicates that, analogous to prokaryotic Rbr and its T. vaginalis homologue, recombinant E. histolytica Rbr transfers electrons from Rubred to peroxide, a process where electrons initially enter Rbr via the Fe (SCys)4 centre and are then transferred to the diiron centre and on to peroxide (Coulter et al., 1999) . With a specific activity of 120 nmol min -1 mg -1 (corresponding to 3 mM min -1 mM -1 ) recombinant E. histolytica Rbr was similar to that of recombinant T. vaginalis Rbr (125 nmol min
). Specific activity of Rbr from the archaebacterium Pyrococcus furiosus and that of the proteobacterium Desulfovibrio vulgaris are three times and 20 times higher respectively (Coulter and Kurtz., 2001; Weinberg et al., 2004) . This difference may be due to the artificial electron-donor system in the in vitro assay, as Rub is the endogenous electron donor to Rbr in prokaryotes but is absent from the genomes of E. histolytica and T. vaginalis. In addition the His-tags at the C-termini of the recombinant eukaryotic proteins might interfere with dimerization, as the C-termini in active Rbr dimers lie at the subunit interface (Jin et al., 2002) .
Specific antibodies generated against recombinant T. vaginalis Rbr were then used in cell fractionation and Fig. 2 . Localization of amoebal NifS and NifU proteins by immunoelectron microscopy. Parasite trophozoites were fixed and embedded in resin as described in Experimental procedures. Ultra-thin sections were cut and mounted on grids before exposure to antibodies specific for EhCpn60 (A and D), EhNifU (B and E) or EhNifS (C and F). Double labelling using 20 nm gold particles for Cpn60 and 10 nm particles for Nif proteins is shown in G and H. Arrow heads highlight organellar membranes. Scale bars: 100 nm (A-C), 50 nm (D-F,G,H).
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immunomicroscopy experiments to determine the intracellular distribution of amoebal Rbr. Confocal microscopy imaging demonstrated a punctuate distribution for this antigen in Entamoeba trophozites, revealing the presence of dozens of Rbr-containing compartments in every cell of the parasite population ( Fig. 5A-E) . Subcellular fractionation by differential centrifugation and separation of the MMF in sucrose density gradients identified a reactive antigen of the monomeric size predicted for E. histolytica Rbr in the high sucrose density fractions (Fig. 5F ) further indicating the compartmentalization of Rbr in Entamoeba.
Immunogold labelling of amoebal Rbr in ultra-thin transmission electron microscopy sections revealed the presence of highly abundant double membrane-bounded structures ( Fig. 6A-D) of equivalent size and appearance to those observed with the anti-Cpn60 antibodies ( Fig. 6E ; see also Fig. 2 ). Double labelling for Rbr and Cpn60 localized both of these antigens in the same type of organelles demonstrating that E. histolytica Rbr is a mitosomal protein (Fig. 6F) .
Redefinition of Entamoeba mitosomes
Considerable uncertainty had surrounded the ultrastructure of E. histolytica mitosomes (Aguilera et al., 2008) as previous attempts to localize Cpn60 in electron microscopy micrographs proved unsuccessful (Ghosh et al., 2000) . Based on the immunoelectron microscopy data generated in our study it is now possible to define E. histolytica mitosomes as minute but abundant double membrane-bounded organelles housing the mitochondrial chaperonin Cpn60, Rbr and the Fe-S cluster assembly proteins NifS and NifU. At an estimated 100 nm in diameter and a mitosomal area of 7.9 ¥ 10 -3 mm 2 , Nif labelling densities were 10-fold higher in mitosomes than in the cytosol demonstrating a significant enrichment of Fe-S cluster assembly proteins in these organelles (Table 1) . Quantification in electron micrographs of labelled organelles allowed estimation of an average 34, 27, 37 and 29 mitosomes mm -3 for the NifS, NifU, Cpn60 and Rbr antigens respectively (see Experimental proce- a. Labelling densities and organelle quantification were determined as described in Experimental procedures (n = 8 for Cpn60, n = 10 for NifU, n = 10 for NifS and n = 10 for Rbr; n = number of scanned micrographs).
dures for calculations). Although Entamoeba trophozoites are pleomorphic, the size of an average amoeba is around 20 mm in diameter (Müller, 2000) and its average cell volume is 4189 mm
3
. Thus an average trophozoite may contain over 100 000 mitosomes, a hitherto unsuspected abundance for these organelles in protozoan parasites (Table 1) . Further, at an average mitosomal volume of 5.2 ¥ 10 -4 mm 3 the total volume occupied by these organelles in E. histolytica may range between 60 and 82 mm 
E. histolytica ---------------MATLINLCKAFAGESQARNRYLIYAKTAKKEGLDVIAQLFNETAN T. vaginalis ----------MSLKGTQTEKNLACAFAGESMARNRYTFFAEVAKKQGYEQIAQLFIETAE M. jannashii -----MINNFFVINMKETLKNLTKAYIGESLARNRYTCYAKIAKQEGYEQIAEIFLLTAE A. fulgidus ---------------MGTLENLVKAFIGESMARNRYTFYAKVAKDEGYVFIQRVFLETAE P. gingivalis MSIKKKTEMNKSIKGSKTEKHLLMAFAGESQARSRYTFFASVAKKEGYEQIAGVFMETAE D. vulgaris
---------MKALKGTKTERNILTAFAGESQARNRYDYFGARAKKDGFVQIADIFAETAS * *** ** ** ** * * * ** E. histolytica A. ClustalW alignment of eukaryotic rubrerythrin sequences with homologues from archaebacteria and eubacteria. Conserved glutamate and histidine residues holding the oxo-bridged diiron centre and cysteine residues involved in the Fe (S-Cys)4 reactive centre (Coulter et al., 1999) are shaded in grey. B. Specific activity of recombinant His-tagged rubrerythrin from E. histolytica and T. vaginalis. pTrc, empty vector control; Cl, cleared lysate; E, Ni-NTA purified protein.
compares favourably with the volume occupied by the amoebal nucleus (~1.5%), suggesting that although mitosomes may no longer be involved in energy metabolism, they still likely represent important sites of metabolic flow in this parasite.
Discussion
Accumulating evidence indicates that mitochondria, mitosomes and hydrogenosomes are contemporary evolutionary endpoints of the original mitochondrial endosymbiont.
In an extreme example of reductive organelle evolution E. histolytica has replaced its original mitochondrial Isc system of Fe-S cluster assembly with an analogous bacterial Nif system acquired by lateral gene transfer. The essential nature of compartmentalized Fe-S cluster assembly suggests that loss of the mitochondrial Isc system could only have taken place once the bacterial Nif system had been reliably adopted to function within E. histolytica mitosomes. That bacterial proteins other than those from the original mitochondrial endosymbiont were recruited during the course of evolution to function within mitochondria is reflected in the chimeric nature of the mitochondrial proteome (Kurland and Andersson, 2000; Esser et al., 2004) . The presence in Entamoeba mitosomes of bacterial-type Fe-S cluster assembly proteins takes this observation a step further and demonstrates that analogous protein replacement has also played an active role in the evolution of mitochondrionrelated organelles. The predominantly cytosolic distribution of bacterialtype Fe-S cluster assembly proteins NifS and NifU in Entamoeba contrasts with the predominantly mitochondrial localization of Fe-S cluster assembly in other eukaryotes (Lill and Mühlenhoff, 2008) . In human cells a very small proportion of the cysteine desulfurase Nfu1 and the scaffold protein Isu1 -both essential for Fe-S cluster assembly -are found in cytosol and nuclei. However, maturation of both mitochondrial and extramitochondrial Fe-S proteins is known to require Fe-S clusters assembled in mitochondria. These are exported from the organelle via the Atm1/Erv1 export system (Gerber et al., 2004; Lill and Mühlenhoff, 2008) . In Entamoeba, Fe-S centres synthesized in the cytosol are unlikely to be available for the maturation of mitosomal Fe-S proteins. This would require a specific cytosol-to-mitosome Fe-S cluster import system equivalent to but of reverse flux to the Atm1/Erv1-mediated mitochondrial export system. That no homologues of such transport proteins have been found in the E. histolytica genome suggests that these vital cofactors are not transported through membranes in this organism (Loftus et al., 2005; Clark et al., 2007) .
Instead, the recruitment of a significant proportion of the cellular Fe-S cluster assembly activity into Entam- oeba mitosomes -estimated at approximately 17% of the total (the 1.7% average cell volume occupied by mitosomes is multiplied by the 10-fold higher concentration of Nif proteins in mitosomes compared to cytosol) -suggests that compartmentalized Fe-S cluster biosynthesis in E. histolytica is required for the in organello maturation of mitosomal proteins. At present it is unclear how bacterial proteins such as NifS, NifU and Rbr are imported into mitosomes as they lack typical amino-terminal targeting peptides to aid their passage across mitosomal membranes. However, protein import into mitosomes has been shown to proceed via both presequence-dependent and -independent mechanisms (Tovar et al., 1999; Dolezal et al., 2005; Regoes et al., 2005) . Moreover, the natural predisposition of some bacterial proteins for mitochondrial targeting has been demonstrated (Lucattini et al., 2004) .
Despite multiple efforts and the availability of the E. histolytica genome sequence no biological function had been assigned to amoebal mitosomes, until now (Loftus et al., 2005; Clark et al., 2007; Aguilera et al., 2008) . For years it has been known that E. histolytica is capable of metabolizing oxygen with high affinity without the accumulation of peroxide (Reeves, 1984; Müller, 2003) . In the absence of catalase and glutathione peroxidase it had been assumed that cytosolic peroxiredoxins and the thioredoxin/ thioredoxin reductase system were responsible for the removal of hydroperoxides from the cell (Choi et al., 2005; Davis et al., 2006; Arias et al., 2007) . The identification of Rbr in mitosomes adds another dimension to the hydroperoxide detoxification capabilities of E. histolytica. Its functional Fe-S centres could allow Rbr to participate in the transfer of electrons from organic donors to oxygen Fig. 6 . Localization of E. histolytica rubrerythrin by immunoelectron microscopy. Fixed parasite trophozoites were embedded in resin and ultra-thin sections were mounted on grids before incubation with antibodies specific for TvRbr (A-D) or EhCpn60 (E). Double labelling using 20 nm gold particles for Cpn60 and 10 nm gold particles for Rbr is shown in F. Arrowheads in c indicate the organellar membranes. Scale bars: 100 nm.
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via reduction of hydrogen peroxide, thus preventing its accumulation and toxicity inside these organelles. Whether oxygen metabolism occurs primarily in mitosomes or in the cytoplasm remains to be determined experimentally but the Rbr-dependent removal of toxic hydrogen peroxide in mitosomes could help the parasite survive the fluctuating low oxygen concentrations within the human intestine and, most importantly, the high concentrations of oxygen it encounters in the portal system during invasive amoebiasis (Stanley, 2003) . It has recently been reported that Rbr is upregulated in E. histolytica trophozoites exposed to oxidative stress clearly supporting the role of this mitosomal enzyme in hydroperoxide detoxification (Vicente et al., 2009) . We conclude that Fe-S cluster biosynthesis and Fe-S proteinmediated oxygen detoxification are fundamental functions of E. histolytica mitosomes which together could have selected for the retention of the original mitochondrial endosymbiont in this microaerophilic eukaryote.
Experimental procedures
Cell culturing and subcellular fractionation
Entamoeba histolytica HM-1:IMSS parasites were cultured in YI-S medium supplemented with 15% adult bovine serum as described (Diamond et al., 1995) . Axenically grown trophozoites were harvested by centrifugation, washed twice in PBS, resuspended in PBS/PI/E64 [PBS containing Protease inhibitor cocktail (Roche) and 50 mM E64 (Sigma)] and lysed by freezethawing. After an initial centrifugation for 10 min at 1000 g the post-nuclear supernatant was subjected to ultracentrifugation at 100 000 g for 1 h at 4°C to produce a high-speed supernatant (the cytosolic fraction) and a high-speed sediment (MMF) containing broken membranes and membrane-bounded organelles. The MMF was subsequently washed twice and resuspended in PBS/PI/E64. In some experiments both the post-nuclear supernatant and the MMF were further fractionated by density gradient centrifugation and fractions collected from the bottom of tubes. Samples were then subjected to Western blot analyses as described below. Protein concentrations were determined by the Bradford method (Bradford, 1976 ) using a commercial protein assay solution (Bio-Rad).
SDS-PAGE, sample preparation and Western blotting
Protein samples were mixed (1:1) with 2¥ Laemli sample buffer (Sigma) and heated at 96°C for 5 min prior to the SDS-PAGE. Ten microlitres of sample was loaded onto NuPAGE ® 10% BIS-TRIS gels (Invitrogen) and separated at 150 V. For Western blotting, proteins were transferred onto a nitrocellulose membrane (Bio-Rad) at 150 V for 1 h. The membranes were blocked in 4% (w/v) skimmed milk in TBS-T buffer (Tris-buffer saline with 0.1% Tween 20) for 1 h at room temperature and subsequently incubated at 4°C overnight with primary antibodies (anti-TvRbr; 1:1000; anti-EhCpn60, anti-EhNifS, anti-EhNifU; all three 1:5000 in blocking solution). Following washing in TBS-T membranes were further incubated with secondary Immunopure ® peroxidaseconjugated goat anti-rabbit antibody (Pierce; 1:20 000 in blocking solution) for 1 h at room temperature. Blots were developed using an ECL detection system (GE Healthcare).
Immunofluorescence confocal microscopy
Entamoeba trophozoites were fixed in 4% paraformaldehyde in PBS for 30 min at 37°C, washed in PBS and permeabilized with 0.2% triton X-100 in PBS. Cells were then attached to poly-Llysine-coated microscopic slides and exposed to blocking solution (3% BSA in PBS) for 3 h at room temperature, before incubation with antigen-specific primary antibodies (diluted 1:200 in blocking solution) overnight at 4°C. Control slides were incubated with pre-immune serum and/or blocking solution. Following 4¥ washing in PBS containing 0.2% Triton X-100 slides were incubated with secondary Alexa Fluor ®488 goat anti-rabbit antibody (1:500 in blocking solution, Invitrogen) for 1 h at 37°C. Slides were further washed in PBS, mounted with 1:1 mixture of VectaShield and 0.4 mg ml -1 propidium iodide and observed under a laser scanning confocal microscope (Radiance 2100, Bio-Rad). Z-stacks (optical slices 0.5 or 1 mm in thickness) were collected using Bio-Rad LaserSharp 2000 software and further processed using Adobe Photoshop V7.0 and/or ImageJ (http://rsb.info.nih.gov/ij/) software packages.
Immunoelectron microscopy
Entamoeba trophozoites were fixed in 4% paraformaldehyde in PBS for 30 min at 37°C, washed in PBS and gradually dehydrated in ethanol (30-100%), infiltrated and embedded in K4M resin. Thin sections (70-100 nm thick) were cut with a diamond knife and mounted onto gold grids. Immunogold labeling was done on grids floating on drops. The samples were blocked and incubated with single primary antibodies (anti-EhCpn60, antiTvRbr, anti-EhNifS or anti-EhNifU; all 1:50 and 1:200 dilutionspre-immune serum or blocking solution were used in control grids) followed with secondary goat anti-rabbit IgG conjugated to immunogold particles of either 10 nm or 20 nm in diameter (BB International; 1:100 dilution in blocking buffer). Double labeling experiments were carried out in the same way but with an additional paraformaldehyde vapor treatment step between antibody incubations as previously described (Mahendrasingam et al., 2003) . Labeled samples were then post stained with uranyl acetate and lead citrate and observed under a Hitachi H-7600 transmission electron microscope. Digital images were collected and stored as TIFF files and further processed using Adobe Photoshop V7.0 and/or ImageJ (http://rsb.info.nih.gov/ij/) software packages.
Immunoelectron microscopy quantification and calculations
Labeling densities were estimated by counting the number of gold particles on electronic micrographs layered with square lattice grids of 20 and 100 nm in Adobe Photoshop. Labeling densities in cytosol represent the number of gold particles not associated with biological membranes per square micron on thin sections. Organelle labeling densities were estimated by first determining the average number of gold particles per labeled Novel functions of E. histolytica mitosomes 339 organelle (total number of gold particles associated with membrane-bounded organelles per square micron divided by the total number of gold-labeled organelles in the same area) and then dividing the resulting values by the area of an organelle 100 nm in diameter (7.85 ¥ 10 -3 mm 2 ). In parallel calculations that take into account the thickness of the thin sections imaged (100 nm maximum) the average number of labeled organelles per square micron was multiplied by 10 multiplied by 10, not by 100 to estimate the average number of organelles per cubic micron (mm 3 ). Resulting values were then multiplied by the total volume of an average spherical trophozoite of 20 microns in diameter (4189 mm 3 ) to estimate the average number of organelles per parasite trophozoite. Similarly, the volume occupied by an average spherical organelle of 100 nm in diameter (5.2 ¥ 10 -4 mm 3 ) was multiplied by the total number of organelles in a cell to determine the overall volume occupied by labeled organelles. These values were then divided by the average volume of a trophozoite and multiplying by 100 to express them as percentages of cell volume. Standard equations for calculating the area of a circle (p ¥ r 2 ) and the volume of a sphere (4/3 p ¥ r 3 ) were used as appropriate.
Enzymatic assays
Affinity purified, recombinant E. histolytica and T. vaginalis Rbr were tested for NADPH-dependent peroxidase activity in reaction mixtures containing 25 mg Rbr, 100 mM NADPH, 0.5 mM ferredoxin : NADP + oxidoreductase from spinach, 0.5 mM rubredoxin from C. pasteurianum, 250 mM H2O2, 50 mM MOPS pH 7.0, 0.1 mM EDTA, 20 mM glucose, 0.1 U ml -1 glucose oxidase (all enzymes purchased from Sigma). Assays were covered with butanol and extinction at 340 nm was followed in a Genesys 10 UV photometer at room temperature.
Ferredoxin and pyruvate: ferredoxin oxidoreductase activities were monitored in cell-free extracts following reduction of cytochrome c at 550 nm and of methyl viologen or nitroblue tetrazolium at 578 nm respectively. Extracts were prepared from 30 to 50 mg of cell pellets suspended in 200 ml of 50 mM Tris-HCl buffer pH 9.0, 1 mM EDTA, 2.0 mM DTT, 15% glycerol supplemented with protease inhibitors (E64 and Complete Mini Cocktail, Roche), sonicated and centrifuged at 10 000 g. The supernatant was collected and used in enzymatic reactions.
